Bacteria growing in biofilms are responsible for a large number of persistent infections and are 24 often more resistant to antibiotics than free-floating bacteria. In a previous study, we identified a 25
Introduction 44
Biofilms are the leading cause of hospital-acquired implant-based infections and the basis 45 of many persistent diseases, such as otitis media, periodontitis, and the chronic Pseudomonas 46 aeruginosa lung infections that afflict patients with cystic fibrosis (CF) (4). The persistence of 47 these infections is primarily attributed to the recalcitrance of biofilms to the immune system and 48 antimicrobial agents. Bacteria growing in biofilms often show increased resistance to antibiotics 49 (e.g., 10 to 100 times) compared to free-floating (planktonic) bacteria (19, 31) . It is still not fully 50 understood how biofilm cells become more resistant to antibiotics. Since the genetic makeup of 51 the cells in the biofilm has not been altered, the increased resistance likely involves the altered 52 expression of specific genes in the biofilm. It is well documented that the gene expression profile 53 of biofilm cells is markedly different from that of planktonic cells (27, 34) . Thus, a subset of 54 these genes likely function to protect biofilm cells from antibiotics. 55
We have identified several P. aeruginosa genes that contribute to biofilm-specific 56 antibiotic resistance by screening for mutants with increased antibiotic sensitivity when growing 57 in biofilms (20, 35, 36) . One of these genes, ndvB, encodes a glucosyltransferase involved in the 58 formation of cyclic glucans (20) . The glucans are cyclic polymers of 12-15 β-(1→3)-linked 59 glucose molecules with phosphoglycerol substitutions (26). Inactivation of ndvB blocked glucan 60 production but did not affect growth, the kinetics of biofilm formation, or the architecture of the 61 biofilms (20) . However, biofilms of ndvB mutants exhibited increased sensitivity to the 62 aminoglycosides tobramycin and gentamicin and the fluoroquinolone ciprofloxacin (20, 26) . We 63 and others have shown that antibiotics can physically interact with glucan-enriched periplasmic 64 lysates and purified glucan preparations (20, 26) . Thus, we proposed that glucans confer 65 on July 11, 2017 by guest http://jb.asm.org/ Downloaded from 6 The overlapping genes (identified in both the RMA and MAS5.0 procedures) were selected for 112 further study. t tests were used to identify genes that showed significant changes in transcript 113 levels (P 0.001). The microarray data have been deposited at the Gene Expression Omnibus 114 (GEO) database (accession no. GSE32032). 115
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=ddijfwcuuiceobm&acc=GSE32032) 116
117
Quantitative real-time PCR (qPCR) analysis. RNA was extracted from planktonic cultures, 118 drip-fed biofilms, or colony biofilms grown at 37 °C. Planktonic cultures were grown in LB to 119 early stationary phase or M63-arginine to exponential phase. Kadouri drip-fed biofilms were 120 grown as described in the microarray experiment. Colony biofilms on M63-arginine agar plates 121 were prepared as previously described (36), with incubation for 24 h at 37 °C followed by 16 h at 122 room temperature. RNA extraction and cDNA synthesis were performed as previously described 123 (36). cDNA was quantified using SYBR-green detection of PCR products with the MyiQ single-124 color detection system (Bio-Rad). Each 20 μl qPCR reaction contained 2 μl cDNA (~1.2 μg), 10 125 μl SYBR Green PCR Master Mix (Applied BioSystems), and 100 pmol of each primer. The 126 following thermal cycler conditions were used: 90 s at 95 °C, followed by 45 cycles (with one 127 cycle consisting of 60 s at 95 °C, 30 s at 56 °C, and 30 s at 72 °C). qPCR primers are listed in 128 Table 2 . RNA isolated from at least two independent cell cultures were each tested in triplicate 129 qPCR reactions, with expression of rpoD used as a reference standard. Statistical significance 130 7 ethanol to equivalent optical densities at 600 nm. For growth in M63-arginine or LB broth, 135 overnight LB cultures were diluted into the appropriate media. Cultures were incubated with 136 shaking at 37 °C, and planktonic growth was monitored by absorbance readings at 600 nm. At 137 least two biological replicates were performed for each condition. 138 139 Antibiotic resistance assays. Minimum bactericidal concentrations were determined for biofilm 140 (MBC-B) and planktonic (MBC-P) cultures as previously described (20, 36) . Briefly, overnight 141 cultures of bacteria were diluted (1:50) in M63-arginine in 96-well microtitre plates. For MBC-B 142 assays, biofilms were allowed to form for 24 h, planktonic cells were removed, and the biofilms 143 were exposed to serial dilutions of antibiotics. For MBC-P assays, antibiotics were added at the 144 same time the plates were inoculated. After 24 h of antibiotic exposure, bacterial survival was 145 determined by spotting a small amount (ca. and 10 volumes of 100% ethanol. After centrifugation for 30 min at 7,700 x g, the pellet was 159 dried and suspended in 10 ml water. The presence of glucans in the periplasmic extracts was 160 confirmed using the anthrone-sulfuric acid method of carbohydrate quantification (18, 20) . 161
Glucans were purified by gel filtration chromatography of periplasmic extracts with Sephadex G-162 75 resin, as previously described (20). The glucan-containing fractions were dried by Speed-Vac 163 evaporation, and pellets were suspended in water. 164
For the signaling experiment, the periplasmic extracts and purified glucans were added to 165 wild-type and ΔndvB static biofilms that were pre-grown 48 h in 3 ml M63-arginine ( Table 2) . Twenty of the genes were expressed preferentially in wild-type biofilms, and 181 four of the genes were more highly expressed in ΔndvB biofilms. 182
While most of the ndvB-responsive genes are predicted to encode proteins of unknown or 183 unrelated functions, 8 of the genes are involved in ethanol oxidation (Table 3) ΔndvB biofilms relative to wild-type biofilms, confirming the microarray results. In addition, the 201 genes were more highly expressed in wild-type biofilms than in planktonic cells (Fig.2) . These 202 on July 11, 2017 by guest http://jb.asm.org/ Downloaded from 10 data suggest that the ethanol oxidation genes are induced in P. aeruginosa biofilms and that ndvB 203 is required for this induction (20) . 204
The genes encoding the P. aeruginosa ethanol oxidation system are controlled by a 205 hierarchical signal transduction network (12, 21). Previous work with P. aeruginosa strain 206 ATCC 17933 found that the response regulator ErbR (formerly AgmR) is a key member of this 207 network (12). In the presence of ethanol, ErbR was shown to directly activate transcription of the 208 exaBC, eraSR, and pqqABCDE operons and indirectly activate transcription of exaA (12). We 209 suspected that the ndvB-dependent induction of the ethanol oxidation genes in biofilms also 210 requires erbR. Therefore, we examined expression of three genes with different promoters (exaA, 211 exaB, and pqqB) in wild-type and ΔerbR strains. Each gene was induced in wild-type biofilms 212 relative to planktonic cells (Fig. 3) , and gene expression was diminished in the ΔerbR biofilms, 213
indicating that erbR is involved in the induction (Fig. 3) . However, expression was not 214 completely abolished in the ΔerbR biofilms, suggesting that other regulatory mechanisms 215 contribute to the induction of these genes in biofilms. Overall, these results indicate that the 216 induction of ethanol oxidation genes in P. aeruginosa biofilms involves both known (erbR) and 217 novel (ndvB) regulatory elements. 218 219 Planktonic growth in ethanol is compromised in the ΔndvB mutant. 220 A potential consequence of the reduced expression of the ethanol oxidation genes in the 221
ΔndvB mutant is suboptimal growth on ethanol. We tested this possibility by comparing 222 planktonic growth on ethanol minimal media of the ΔndvB mutant, the wild type, and three 223 mutants lacking ethanol oxidation genes (ΔexaA, ΔpqqC, and ΔerbR). The ΔndvB mutant had an 224 intermediate growth rate that was substantially slower than that of the wild-type strain (Fig. 4A) . 225
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In agreement with previous work, the ΔexaA, ΔpqqC, and ΔerbR mutants did not grow on 226 ethanol (12, 13). The growth phenotypes were specific to ethanol media, since each of the strains 227 exhibited wild-type growth rates on arginine minimal media (Fig. 4B ) and LB broth (Fig. 4C) . 228
The compromised planktonic growth of the ndvB mutant on ethanol is consistent with the 229 regulatory link between ndvB and the ethanol oxidation genes. 230
231
Inactivation of ethanol oxidation genes increases the antibiotic sensitivity of biofilms. 232
The biofilm-specific induction of ethanol oxidation genes was surprising given that the 233 biofilms in these experiments were grown with media lacking known inducers (i.e., ethanol and 234 other alcohols) (11, 29) . This observation suggested that the genes may have a function in 235 biofilms that is unrelated to ethanol oxidation. Since ndvB is important for biofilm-specific 236 antibiotic resistance (20), we tested whether the ethanol oxidation genes contribute to antibiotic 237 resistance. We obtained transposon insertion mutants of 4 ethanol oxidation genes (exaA, exaC, 238 pqqC, and eraR) from the PA14 transposon mutant library (17). We tested their antibiotic 239 resistance phenotypes under both planktonic and biofilm growth conditions by determining the 240 minimum bactericidal concentrations (MBC) of ciprofloxacin, an antibiotic used to treat P. 241 aeruginosa infections (10). We found that the mutants did not differ substantially from the wild-242 type strain in growth rate, biofilm formation ability, or planktonic antibiotic resistance (Table 4  243 and data not shown). However, compared to the wild-type strain, the mutants were more 244 sensitive to ciprofloxacin when growing in biofilms (Table 4 ). These data suggested that ethanol 245 oxidation genes contribute to the antibiotic resistance of biofilms. 246
To validate these results, we tested the antibiotic resistance phenotypes of unmarked 247 deletions of exaA, pqqC, and erbR. We determined MBCs for planktonic and biofilm cells (Table  248 on July 11, 2017 by guest http://jb.asm.org/ Downloaded from 12 5), and minimum inhibitory concentrations (MICs) of planktonic cells (Table 6 ). Tobramycin 249 sensitivity was observed in the deletion mutant biofilms, although ciprofloxacin sensitivity was 250 not observed (Table 5) . Consistent with the role of these genes in biofilm-specific antibiotic 251 resistance, mutants with double deletions (i.e., ΔndvB plus deletion of one of the above three 252 genes) displayed increased susceptibility to tobramycin in comparison to those with single 253 deletions (Table 5 ). Furthermore, we performed an MBC assay comparing the resistance of 254
ΔndvB biofilms grown in ethanol minimal medium vs. arginine minimal medium. We found that 255 growth in ethanol resulted in a slight but reproducible increase in resistance to tobramycin, 256 suggesting that activation of the ethanol oxidation genes partially restores antibiotic resistance. 257
To confirm the importance of these genes in antibiotic resistance, we tested whether 258 induction of ndvB, erbR, exaA, and pqqC in the wild-type background increases planktonic 259 antibiotic resistance. The genes were cloned into pJB866, a vector carrying the Pm promoter, 260 We also expressed erbR, ndvB, exaA and pqqC in the respective deletion mutant strains. 267
Expression of erbR in a ∆erbR strain resulted in an 8-fold increase in resistance to ciprofloxacin 268 in an MIC assay. Expression of ndvB in a ∆ndvB mutant strain resulted in a 2-fold increase in 269 resistance to ciprofloxacin. However, expression of exaA or pqqC had no effect in their 270 respective deletion mutant strains. Thus, increased expression of several ethanol oxidation genes 271 The ndvB-dependent induction of the ethanol oxidation genes in biofilms is likely an 277 ethanol-independent mechanism, since the gene expression experiments were carried out in 278 media lacking ethanol. In Rhizobium species, NdvB-derived cyclic glucans are important for 279 symbiotic interactions with plants, possibly by mediating signaling between bacteria and plants 280
(2). We reasoned that a signaling mechanism involving glucans might be responsible for the 281 gene expression changes we observed in P. aeruginosa biofilms. Since both NdvB-derived 282 glucans and the ethanol dehydrogenase localize to the periplasm (13, 20) , it seemed possible that 283 a periplasmic signaling molecule present in wild-type biofilms might be absent in ΔndvB 284 biofilms. Thus, adding the signal in trans to ΔndvB biofilms might restore expression of ethanol 285 oxidation genes to wild-type levels. 286
We isolated periplasmic extracts from late stationary phase planktonic cultures of the 287 wild-type strain, a condition that results in ndvB gene expression and glucan production (20). To 288 determine whether a component of the extract might affect transcription of ethanol oxidation 289 genes, we added wild-type periplasmic extract to pre-formed wild-type and ΔndvB biofilms and 290 incubated for 8 hours. We assayed erbR and exaA expression and found that the wild-type 291 periplasmic extract restored gene expression in the ΔndvB biofilms to wild-type levels, and also 292 increased expression in the wild-type biofilms (Fig. 5A and 5B). In a control experiment, 293
on July 11, 2017 by guest http://jb.asm.org/ Downloaded from 14 periplasmic extract isolated from ΔndvB cultures did not restore wild-type expression of erbR 294 (Fig. 5C) . 295
These data suggest that a periplasmic molecule is capable of inducing erbR and exaA 296 gene expression in the ΔndvB mutant. We suspected that the signal might be the NdvB-derived 297 glucans. Therefore, we purified glucans from PA14 periplasmic extracts by gel filtration (20) . 298
However, treatment of the ΔndvB biofilms with purified glucans did not induce expression of 299 erbR or exaA ( Fig. 5A and 5B). Thus, the induction of ethanol oxidation genes appears to be 300 modulated by an unidentified periplasmic molecule that is dependent on the presence of ndvB. 301
302
Discussion 303
304
The increased antibiotic resistance of biofilms continues to confound treatment of 305 bacterial infections (4, 14). We investigate ndvB, a gene which contributes to the increased 306 antibiotic resistance of P. aeruginosa biofilms. ndvB encodes a glucosyltransferase required for 307 the formation of cyclic periplasmic glucans (20, 26) . We have previously shown that ndvB-308 derived glucans can interact with antibiotics and, thus, sequester these compounds away from 309 their cellular targets (20) . In this study, we explore other functions of P. aeruginosa glucans by 310 examining how global gene expression is affected by their presence or absence. DNA 311 microarray and qPCR analyses revealed that several genes required for ethanol oxidation are 312 responsive to the presence of ndvB in the genome. These genes have greater expression levels in 313 biofilms than in planktonic cells, and their inactivation increased the antibiotic sensitivity of 314 bacteria growing in biofilms. Additional genes were also identified as ndvB-responsive in this 315 study, but their role in antibiotic resistance is unknown. 316
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The P. aeruginosa ethanol oxidation system has only been studied in planktonic cultures 317 and its function in biofilms is unexplored. We found that eight ethanol oxidation genes are 318 induced in P. aeruginosa biofilms. The cause of the induction is unclear, since these genes are 319 not expressed in planktonic cultures in the absence of known inducers (11, 29) . One explanation 320 is that ethanol is produced in wild-type, but not ΔndvB, biofilms at levels sufficient to activate 321 the ethanol oxidation genes. The most likely route of ethanol production in P. aeruginosa would 322 be as an anaerobic fermentation product. Steep oxygen gradients exist in laboratory biofilms 323 exposed to air, and it is possible that a subpopulation of bacteria grow anaerobically (33). 324
Nevertheless, ethanol production has not been demonstrated in P. aeruginosa cultures. In 325 anaerobic conditions, P. aeruginosa can convert pyruvate to lactate, acetate and succinate, which 326 contributes to long-term anaerobic survival (8). It was suggested that ethanol could also be 327 produced as a pyruvate fermentation by-product; however, ethanol production was not detected 328 
